INTRODUCTION
Ammonia concentrations in the large intestine of man have been reported to range between 3 and 4 4 m~ (Wilson et al., 1968) and until recently it was considered that hydrolysis of endogenous urea by the gut microflora was the major source of this potentially toxic metabolite (Sabbaj et al., 1970; Summerskill & Wolpert, 1970; Varel et al., 1974) . Recent infusion experiments by Wrong et al. (1985) , however, using SN-labelled urea, have suggested that urea hydrolysis does not occur to an appreciable extent in the colon, which would indicate that ammonia formation may result primarily from the deamination of amino acids produced by the breakdown of protein. Proteolysis is the first step in the utilization of protein by bacteria and the large oligopeptides which are initially formed are subsequently degraded into smaller peptides and amino acids (Hespell & Smith, 1983) , which can be either assimilated directly into microbial protein or fermented with the production of ammonia and volatile fatty acids (Prins, 1977; Allison, 1978) . At present, few data are available concerning the extent and nature of protein degradation in the human colon, or of the proteolytic bacteria which may take part in this process, although it appears likely that a combination of microbial and pancreas derived proteolytic enzymes (trypsin, chymotrypsin and elastase) may be involved (Prins, 1977) . This situation is in contrast to that of the rumen where studies have shown that rumen microorganisms (mainly bacteria) are completely responsible for protein breakdown (Blackburn & Hobson, 1960; Brock et al., 1982) and where a range of proteolytic bacteria have been identified (Appleby, 1955; Blackburn & Hobson, 1962; Fulghum & Moore, 1963; Wallace & Brammall, 1985) .
In view of the current lack of information concerning N metabolism in general, and protein degradation in particular, in the human large intestine, the objectives of this study were to determine whether protein breakdown by gut micro-organisms could provide sufficient substrate to account for the high levels of ammonia production which occur in the colon, and to enumerate and identify the major proteolytic bacteria taking part in this process.
METHODS
Protein, ammonia and branched chain volatile fatty acids (VFA) in human intestinal contents. Gut contents (obtained from 6 sudden death victims within 4 h of death) and faecal samples (from 10 healthy volunteers) were homogenized with 0.1 M-sodium phosphate buffer pH 7.0 in a stomacher to give 10% (w/v) slurries. Samples (10 ml) were then centrifuged at 30000g for 8 min to produce cell-free supernatants, which were retained for analysis. Samples for protein estimations were precipitated with 10% (w/v) TCA and centrifuged at 30000 g for 8 min. The pellets were solubilized and resuspended in 1 M-NaOH. Proteins were then determined by the Lowry method. Ammonia concentrations were measured by the phenol-hypochlorite method (Solorzano, 1969) .
Fatty acid analysis. Branched chain VFA were detected by GC in a Pye model 204 gas chromatograph fitted with a flame ionization detector connected to a Pye-CDP1 computing integrator. The 1.4 m glass column (4 mm i.d.) was packed with 10% FFAP on 100-120 mesh Chromosorb W-AN DMCS (Pye-Unicam). Flow rates of the nitrogen carrier gas, hydrogen and air were set at 40, 35 and 375 ml min-' respectively. Temperatures of the injection port, column oven and detector were 175 "C, 150 "C and 175 "C respectively. VFA were determined after removal of cells and particulate material by acidifying 0.5 ml volumes with equal volumes of 1 M-H,SO,, followed by extraction into diethyl ether. The ether extract (5 pl) was injected on to the column. Individual fatty acids were identified by comparison with retention times for authentic fatty acids, and quantitative results were obtained by preparing standard curves for each authentic fatty acid. These column conditions did not permit individual separation of the branched chain fatty acids 2-methylbutyrate and isovalerate.
Casein and bovine serum albumin (BSA) breakdown in faecal slurries. Approximately 160 g wet wt of fresh faeces were homogenized with 0.1 M-sodium phosphate buffer pH 7.0, which had previously been boiled and cooled under oxygen-free nitrogen, to give a 20% (w/v) faecal slurry. Samples (250 ml) of slurry were then transferred to 1 litre Gallenkamp reaction vessels and incubated with stirring for 48 h at 37 "C to allow readily utilizable substrates to be removed. Anaerobic conditions were maintained by sparging slurries with oxygen-free nitrogen. After 48 h preincubation, 250 ml of either phosphate buffer, phosphate buffer + casein (20 mg ml-l) or phosphate buffer + BSA (20mgml-I) was added to the reaction vessels. Samples (2ml) were subsequently removed from each reaction vessel and centrifuged at 15000g for 10 rnin to remove particulate materials and cells before analysis. Ammonia concentrations were measured as previously described and proteins were determined as TCA-insoluble protein [precipitated by 10% (w/v) TCA] and TCA-soluble peptides [soluble in 10% (w/v) TCA] by the Lowry method. Separate standard curves were constructed for casein and BSA. VFA were determined as before except that caproic acid was used as an internal standard.
Fractionation of faeces. Fresh faeces from five subjects who had been eating normal Western diets were fractionated to determine the distribution of faecal proteolytic activity, according to the following procedure. Faeces (40 g) were homogenized in anaerobic reducing buffer in a stomacher to give a 10% (w/v) faecal slurry. The anaerobic reducing buffer consisted of 0.1 M-sodium phosphate buffer pH 7.0 containing 0-01 % sodium ascorbate and 0.1 % sodium thioglycollate. The faecal slurry was allowed to stand for 5 min to enable large particulate material to settle. Samples (120 ml) were then removed and 20 ml retained for assay of proteolytic activity (fraction 1). The remaining 100 ml of slurry was centrifuged at 1500 g for 15 min at 4 "C to give a crude particulate fraction (fraction 2) and a cell suspension, which was stored at 4 "C for later use. Fraction 2 was resuspended in 100 ml reducing buffer and 20 ml retained for measurement of proteolytic activity. The remainder was washed twice and resuspended in buffer to give a washed particulate fraction (fraction 5).
The cell suspension produced during the preparation of fraction 2 was centrifuged at 30 000 g for 15 min at 4 "C and the resultant supernatant was then filtered through 0.2pm cellulose acetate filters to give a cell-free supernatant fraction (fraction 3). The bacterial pellet was washed twice and resuspended in 30 ml reducing buffer, giving a washed cell fraction (fraction 4).
Measurement ofproteolytic activities in faecal fractions. A modification of the method of Brock et al. (1982) with azocasein as substrate was used to determine proteolytic activities in faecal fractions 1-5. Assays were done as follows: 1 ml of sample suspension was dispensed in triplicate into 1.5 ml capacity Eppendorf tubes and mixed with 0-2 ml anaerobic reducing buffer. Reactions were initiated by the addition of 0.3 ml azocasein stock solution, which gave an initial azocasein concentration of 10 mg ml-l. The capped tubes were then incubated for 2 h at 37 "C. The reactions were terminated by transferring the tube contents into centrifuge tubes containing 1 ml 10% (w/v) TCA. Control tubes were incubated as above but without azocasein, which was added after inactivation of the sample with TCA. Inactivated samples were allowed to stand at room temperature for 30 min, then were centrifuged at 27000g for 8 rnin at 4 "C. Supernatant fluid (1 ml) was then mixed with an equal volume of 1 MNaOH, and the absorbance of this solution was read at 450 nm. All manipulations were done in a Gallenkamp anaerobic cabinet containing a 10% Hz, 10% CO,, 80% N, atmosphere. The Wilkins-Chalgren plates had been preincubated for 48 h at 37 "C in the anaerobic cabinet before inoculation and, together with the yeast extract/lactate plates, were incubated in the anaerobic cabinet for up to 7 d. After inoculation, the azide agar and nutrient agar plates were removed from the anaerobic cabinet and incubated under aerobic conditions at 37 "C for up to 3 d. Proteolysis was detected either by zones of clearing around colonies, which were enhanced by addition of acid mercuric chloride solution, or alternatively by precipitation of casein around proteolytic colonies (Martley et al., 1970) .
Identification of proteolytic bacteria. Strictly anaerobic proteolytic bacteria were identified to genus level according to Gram reaction, morphology and fermentation products formed during growth in PY-glucose broth (Holdeman et al., 1977) . Aerobic and facultative proteolytic bacteria were identified by methods described by Cowan (1974) .
Proteolytic activities of Bacteroides spp. Bacteroides strains B,,, Bz2, B3 , and B,, , which were isolated from faecal samples, and the type strains B. fragilis NIRD 2217, B. vulgatus NCTC 11 154 and B. thetaiotaomicron NCTC 10582 were grown in batch culture in Gallenkamp 1 litre reaction vessels on Wilkins-Chalgren broth at 37 "C for up to 96 h. Anaerobic conditions and temperature were maintained as described earlier. Cells were harvested for measurements of proteolytic activity by centrifugation at 15000g for 30 min at 4 "C, the spent medium was retained, and the bacterial pellets were washed twice and resuspended with anaerobic reducing buffer. The washed cells and spent media were then assayed for proteolytic activity as before, using azocasein as substrate.
Production ofproteolytic enzymes by bacteria isolated from faeces. Proteolytic activities of isolates obtained in this study were investigated as follows: Bacteroides strains B,, and Bzz, Clostridium Cl0 and Propionibacterium P, were grown in 1 litre Gallenkamp reaction vessels on Wilkins-Chalgren broth as above. Streptococcus faecalis, Bacillus licheniformis, Bacillus subtilis and Staphylococcus S1 were similarly grown, except that cultures were sparged with sterile air in place of oxygen-free nitrogen. Proteolytic activities were determined during the exponential phase of growth as previously described.
Chemicals. Casein and BSA were obtained from BDH, azocasein and all other chemicals were obtained from Sigma. Bacteriological media were supplied by Oxoid.
RESULTS

Analysis of intestinal contents
Large quantities of soluble protein were found throughout the length of the large intestine (Table 1) . Ammonia and branched chain VFA concentrations were low (4.9 and 1.0 mmol kg-l respectively) in ileal contents. In contrast, concentrations of both ammonia (37.4 mmol kg-l) and branched chain VFA (6.4 mmol kg-l) increased markedly in the caecum, and remained high in samples obtained from further down the large intestine.
Protein breakdown by faecal slurries
Casein was hydrolysed more rapidly and to a greater extent than was BSA in faecal slurries, as shown by the decrease in protein that was insoluble in 10% TCA. Approximately 86% of the casein was hydrolysed during the 96 h incubation period, although only about 37% of this protein was actually utilized by the microflora, the remainder accumulating as TCA-soluble peptides (Fig. 1) . In contrast, protein hydrolysis was less extensive with BSA, as only about 36% of the TCA-insoluble protein was hydrolysed (Fig. 2) . However, virtually all the BSA that had been hydrolysed appeared to be utilized by the gut bacteria, as no TCA-soluble peptides accumulated.
VFA and ammonia were formed in large quantities when protein was added to slurries (Figs 1 and 2) but did not increase significantly in controls (Fig. 3) , which confirmed that the formation of these metabolites resulted from the fermentation of the products of protein breakdown. Production of ammonia and VFA was greatest in casein-containing slurries (49.2 mM and 2943 mM, respectively) but was considerable in slurries with added BSA (32.0 mM and 25.5 mM respectively). Acetate (8.3 mM), propionate (6.1 mM), butyrate (6.2 mM) and 2-methylbutyrate/ isovalerate (6.4 mM) were the major fatty acids formed from casein (Table 2) whereas acetate (16.9 mM) and butyrate (6-0 mM) were the main fatty acids produced by slurries to which BSA had been added. Branched chain VFA constituted between 6% (BSA) and 29% (casein) of total VFA produced by these slurries.
Distribution of proteolytic activity in faeces
Total proteolytic activities recorded in 10% (w/v) faecal suspensions prepared from the stools of five subjects varied between 0.35 and 1.98 mg azocasein hydrolysed h-' (ml suspension)-* ( Table 3 ), indicating that actual proteolytic activities in the faeces of these individuals ranged from 3.5 to 19.8 mg azocasein hydrolysed h-l (g faecal material)-'.
To establish the location of proteolytic activity in faecal contents, 10% (w/v) slurries (fraction 1) were fractionated to produce a crude particulate fraction (fraction 2), cell-free supernatant fraction (fraction 3), washed cell fraction (fraction 4) and a washed particulate fraction (fraction 5). The distribution of proteolytic activity in these fractions varied considerably between individuals ( Table 3) . This was particularly illustrated in fraction 3 where 4.5-93.9% of total faecal proteolytic activity (as measured in fraction 1) was recovered. Measurements of proteolysis in fraction 5 showed that 37.5-75.9% of the original fraction 2 activity was retained after washing, indicating the presence of proteolytic bacteria, which strongly adhered to the particulate materials in faeces. Between 24.7 and 67.2% of total proteolytic activity was recovered in fractions 4 and 5 , demonstrating that a large proportion of faecal proteolytic activity was bound particulate material and bacterial cells.
Enumeration, identification and proteolytic activities of faecal bacteria
The most numerous proteolytic bacteria in the five faecal samples studie were identified as Bacteroides .spp. [1.0 x 10"-1-3 x 10l2 (g dry wt faeces)-'], on the basis of Gram stain, morphology and fermentation products formed in PY-glucose broth (Fig. 4) . Proteolytic activities of Bacteroides spp. on agar plates were weak, and the narrow zones of proteolysis which formed around colonies only became apparent after extended incubations (5-7 d). Confirmation of the proteolytic activities of Bacteroides spp. was obtained by screening isolates Table 41 . Other faecal proteolytic bacteria that occurred in lesser numbers were identified as belonging to the genera Propionibacteriurn, Clostridium, Streptococcus, Bacillus and Staphylococcus. These bacteria initially appeared to be more strongly proteolytic than the Bacteroides isolates, as large zones of casein precipitation were produced on agar plates. Subsequent experiments with pure cultures however showed that this was not necessarily the case. Protease activity of Bacteroides cultures (0-19-0.22 mg azocasein hydrolysed h-l ml-l) was not significantly less than that of Staphylococcus (0.23 mg azocasein hydrolysed h-' ml-l) or Streptococcus (0.34 mg azocasein hydrolysed h-l ml-l) cultures, and indeed was greater than that of Propionibacteriurn (0.04 mg azocasein hydrolysed h-' ml-l) and Clostridium cultures (0.07 mg azocasein hydrolysed h-1 ml-l). Protease production by the Bacillus isolates was considerable when grown under aerobic conditions (0.73-1.50 mg azocasein hydrolysed h-l ml-l) (Table 5 ). However, subsequent work has shown that when these isolates were grown under anaerobic conditions (in the absence of a terminal Table 5 . Protease production by pure cultures of bacteria isolated from human faeces
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Bacteria were grown in batch culture at 37 "C. Proteolytic activities were determined in cells harvested during the exponential phase of growth. electron acceptor such as NO:) there was little protease activity. This would suggest that in the large intestine protease formation by these bacteria would be negligible.
DISCUSSION
Considerable amounts of soluble protein were found in human intestinal contents and large quantities of ammonia and branched chain VFA (max. 66.0 and 11.0 mM respectively) were generated throughout the colon (Table 1) . These data indicate the presence of substantial proteolytic activity in the large gut and show that proteolysis and amino acid fermentation are not restricted to caecal contents. The low levels of ammonia and branched chain VFA in ileal contents, however, show that little amino acid fermentation occurs in the small intestine of man. When casein and BSA were added to faecal slurries, TCA-soluble peptides, ammonia and VFA were produced (Figs 1 and 2) . The faecal slurries were strongly proteolytic, since over 53 % of protein in the slurry to which casein had been added was hydrolysed within 12 h (Fig. 1) . Vince et al. (1976) showed that bacterial populations in faecal slurries remain substantially unchanged after incubation for 48 h at 37 "C. In order to remove readily utilizable substrates, faecal slurries in the present study were preincubated for 48 h before addition of casein or BSA. The rapid hydrolysis of protein, and the formation of metabolic end products in these slurries, confirmed that gut bacteria can survive and remain metabolically active for extended periods in vitro.
Casein was hydrolysed to a greater extent than BSA in faecal slurries, indicating that, as in the rumen, the extent of protein breakdown in the large intestine of man is dependent upon protein structure as well as protein solubility (Mangan, 1972; Nugent & Mangan, 1978) . The ability of the gut microflora to hydrolyse protein to TCA-soluble peptides has previously been reported by Macfarlane & Allison (1 989, who investigated protein utilization using washed faecal bacterial cells. These experiments also showed that amino acids did not accumulate during protein breakdown. Ammonia concentrations in slurries amended with casein and BSA after 96 h incubation were 49.2 and 32-0 mM respectively, demonstrating that protein degradation can largely account for the high concentrations of ammonia that occur in the caecum and colon. These conclusions are supported by the work of Cummings et al. (1979) , who showed in man that increased dietary protein intake resulted in increased ammonia concentrations in faeces. Total VFA concentrations in the human colon range between 80 and 130 mM, and it is thought that these acids result mainly from the fermentation of plant cell wall polysaccharides such as cellulose, pectins and hemicelluloses (Cummings, 198 1) . However, in the present studies, considerable quantities of VFA were produced in faecal slurries to which casein (29.8 mM) or BSA (25.5 mM) had been added, suggesting that protein degradation may also be an important source of VFA in the human gut.
Proteolytic activities measured in the faeces of five subjects ranged from 3.5 to 19.8 mg azocasein hydrolysed h-l (g faecal material)-', which indicates considerable proteolytic potential. Proteolytic activities in human large intestinal contents are somewhat greater than those observed by Brock et al.
( 1 982) A wide range of human colonic bacteria have the ability to reduce azo dyes (Drasar & Hill, 1974) . In protease assays with azocasein as substrate, this could result in falsely low values being obtained. Brock et al. (1982) , however, showed in studies with rumen contents that the colour released from azocasein was stable for up to 6 h. Similar results obtained in this study confirm that, with short incubation periods, azo dye reduction does not significantly affect colour formation in protease assays.
Proteolytic activity in gut contents may arise from endogenous or microbial proteases. In the present study, the distribution of proteolytic activity varied considerably between faecal samples (Table 3) , between 25 and 67% of total proteolytic activity being recovered in faecal fractions 4 and 5. These results show that a substantial proportion of faecal proteolytic activity is bacterial in origin, being cell-bound or firmly attached to particulate material. Proteolytic activities observed in faecal fraction 3 ranged between 4.5 and 93.9 % of total faecal proteolytic activity. Proteolysis in this faecal fraction probably results from the action of both soluble pancreatic and extraceIlular bacterial proteases. Evidence for the production of extracellular bacterial proteases in the colon was obtained by , who showed that approximately 36 % of total faecal proteolytic activity was extracellular in faecal samples obtained from an individual lacking a pancreas.
It should be noted that proteolytic activities measured in faeces may not be representative of proteolytic activities throughout the large intestine, as Wiggins (1983) has shown that transit times of material through the gut can vary considerably (12-120 h). As digesta pass through the colon, water and metabolites such as NH,+ and VFA are absorbed through the gut wall. A consequence of this is that soluble materials which are not absorbed, such as proteins, are concentrated during transit. This may partly explain why such large variations in the amount and distribution of proteolytic activities were observed in the faecal samples examined (Table  3 ). In view of the severe difficulties involved in sampling directly from the colon, faecal proteolytic activities nevertheless provide a useful indication of the proteolytic potential of large intestinal contents.
The influence of diet on proteolytic activity in the human colon is largely unknown. In ruminants, ingested food immediately becomes available for fermentation, but in man, food residues entering the large intestine have been partly digested and physically altered during passage through the small intestine. Furthermore, a substantial amount of substrate available for fermentation in the colon is endogenous in origin, being composed of mucins, epithelial cells and small intestinal secretions (Wrong et al., 1985) . Both of these factors, therefore, probably result in diet having a less marked effect on proteolytic activity than is the case in ruminant animals.
Bacteroides spp. were the numerically dominant proteolytic bacteria isolated [ 1.0 x 10' '-1.3 x 10l2 (g dry wt faeces)-'] (Fig. 4) . Studies with pure cultures showed that the proteolytic enzymes of these bacteria were cell-associated (Table 4) , which would indicate that Bacteroides may be largely responsible for the proteolytic activities observed in faecal fractions 4 and 5 (Table 3) . If this is indeed the case, these bacteria would play a major role in protein breakdown in the large intestine, in addition to their more generally recognized activities as polysaccharide degraders (Salyers et al., 1981; Salyers & Leedle, 1983) . The cell-associated nature of the proteolytic enzymes of rumen Bacteroides is well documented (Blackburn, 1968 ; Hazlewood & Edwards, 1981 ; Wallace & Brammall, 1985) but proteolytic activity by non-rumen Bacteroides strains has so far received little attention. , however, in a comprehensive study reported that some strains of colonic Bacteroides could hydrolyse gelatin.
Propionibacteria produce extracellular proteases (Ingram et al., 1983) , and although they do not appear to be strongly proteolytic ( Table 9 , it is possible that by virtue of their relatively high numbers [1.2 x 108-1.0 x 1O1O (g dry wt faeces)-'] these bacteria could provide significant levels of proteolysis in the colon. In contrast, the apparently limited distribution of proteolytic clostridia and the low cell population densities of staphylococci, bacilli and to a lesser extent streptococci (Fig. 4) would appear to mitigate against these bacteria contributing significantly to large intestinal proteolysis.
In conclusion, the experimental results presented in this paper show that high levels of proteolytic activity occur in the large intestine of man and that a significant though variable proportion of this activity can be directly attributed to the microflora. Further studies are now required to identify the proteolytic enzymes present in the colon and to assess the qualitative effects of microbial and pancreatic proteases on protein breakdown in this organ.
